Nanocrystalline Cu 0.5 Zn 0.5 Al x Fe 2−x O 2 (x=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) ferrite materials were synthesized using standard solid state reaction technique. The effects of Al 3+ contents on the structural, electrical, and magnetic properties were investigated. Single phase cubic spinel structure was revealed by X-ray diffraction analysis. The crystallite size was evaluated considering the most intense diffraction peak (311) using Scherrer formula. Lattice constant decreased, whereas porosity increased with the increase in Al 3+ concentration. The value of saturation magnetization decreased with increasing aluminum contents. Temperature dependent value of direct current electrical resistivity has been determined. It is observed that the substitution of Al 3+ has significant impact on the dielectric constant, tangent of dielectric loss angle and dielectric loss factor. The variation in dielectric properties was attributed to space charge polarization.
I. INTRODUCTION
Ferrite materials have attracted a considerable attention of the researchers for decades due to their interesting soft magnetic properties and high frequency applications [1] . A proper choice of cations along with Fe 2+ , Fe 3+ , and their distribution between tetraherdral (Asite) and octahedral (B-site) sites of the spinel lattice, imparts useful and interesting electrical and magnetic properties to the spinel ferrites. Further tailoring of these properties using appropriate preparation method, chemical composition, sintering time, and doping additives always help to improve the technological applicability of the ferrite materials [2] . It is essential to control the electrical resistivity of the spinel ferrites in order to corporate these materials for a wide range of applications. This can be achieved in two ways of controlling the sintering temperature and choosing proper elemental substitution. Excellent dielectric properties of ferrites further extend their application range from microwave to radio frequencies. The useful frequency range is fixed by the onset of resonance phenomenon for which either the permeability starts to decrease at a critical frequency or the losses rise rapidly [3] . Recently, Cu-Zn based ferrites have been synthesized, ex-hibiting high Curie temperature with a little compromise on initial permeability [3, 4] . The presence of Cu ions in ferrites activates the sintering process leading to increase in density and decrease in losses. While, it is well known that Zn content exerts important influence on the microstructure and hence on the magnetic properties of ferrites. The substitution of Al 3+ in ferrites could lower the dielectric constants that warrant their applications for high frequency applications, for instance as micro wave absorbers.
In this work, we have investigated systematically the effect of Al 3+ substitution on the structural, magnetic and electrical properties of Cu 0.5 Zn 0.5 Fe 2 O 4 . The electrical behavior of the samples have been discussed in context of temperature dependent resistivity, and frequency dependent dielectric constant (ε ), tangent of dielectric loss angle (tanδ), and dielectric loss factor (ε ).
II. EXPERIMENTS
Samples of Cu 0.5 Zn 0.5 Al x Fe 2−x O 4 (x=0, 0.1, 0.2, 0.3, 0.4, 0.5) ferrites were prepared by the standard solid state reaction technique using analytical grade reagents. Low cast CuO (99%), ZnO (99%), and Fe 2 O 3 (97%) in their respective stoichiometric ratios were mixed to prepare the ferrite samples. Grinding of every sample with specific composition was carried out in agate mortar and pestle for 4 h. The samples were calcined in the muffle furnace at 800
• C for 8 h. After the in-situ cooling of the samples in the furnace, each sample was ground again for 2 h. The samples in powder form were pelletized (diameter of 15 mm) using Apex hydraulic press by exerting a uniaxial pressure of 4.5×10 3 kg for 3 min. The samples were annealed at 1100
• C for 44 h in order to get the required phase.
The investigation of the crystal structure was carried out using a Rigaku D-Max II-A, diffractometer system with Cu Kα (λ=1.5406Å) radiation. Surface morphology and microstructural features such as grain size and porosity were examined using Hitachi S-3400, scanning electron microscopy (SEM). The grain size was measured using the line intercept method.
As ferrites are highly resistive materials, therefore two-probe method was employed to determine the electrical resistivity of the samples in the temperature range from room temperature (RT) to 480 K. Frequency dependent (up to 1 MHz) RT measurements of dielectric constant and dielectric loss were obtained using a QuadTech-1920 LCR Meter. Magnetic characterizations were performed using a Lake Shore-7404 vibrating sample magnetometer (VSM). Figure 1 shows X-ray diffraction (XRD) patterns of the samples Cu 0.5 Zn 0.5 Al x Fe 2−x O 4 (for x=0, 0.1, 0.2, 0.3, 0.4, 0.5). As can be seen in Fig.1 , all the samples can be indexed as having a single phase cubic spinel structure. No impurity peak was noticed. The breadth of the characteristic ferrite peaks is an indication of lower crystallite size of the samples. The crystallite size was estimated from the X-ray peak broadening of (311) diffraction peak using the Scherrer formula [5] . For all the samples, the crystallite size remained in the range of 25-30 nm. The values of the lattice constant a of the cubic spinel calculated using the CELL software are listed in Table I samples using the relation, ρ b = m/V [6] , where m is the mass and V is the volume of the samples. As obviously seen from the Table I , the value of the bulk density decreased from 4.59 g/cm 3 to 3.96 g/cm 3 as the Al
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3+
concentration increased from x=0.0 to 0.5 in the series.
The decrease in bulk density may be due to the fact that Al has smaller atomic weight (26.98 a.u.) as compared to Fe (55.85 a.u.). X-ray density (ρ x ) of the samples was calculated using the relation, ρ x =8M /N a a 3 given by Smit and Wijn [7] , where M is the molecular weight of the samples, N a is the Avogadro's number and a is the lattice constant. The number 8 is included in the formula as there are eight molecules per unit cell in the cubic spinel ferrite structure. The value of ρ x decreased from 5.41 g/cm 3 to 5.07 g/cm 3 with the increase in Al 3+ contents in the sample series as the decrease in mass overtakes the decrease in volume of the unit cell. It is noted that ρ x of each sample is greater than the corresponding bulk density which is an evidence of the presence of pores in the samples. The porosity was found to increase from 0.151 to 0.219 in the series which is direct evidence that the substitution of Al 3+ for Fe
leaves relatively more empty spaces in the samples. 2-6 µm. The increased grain size in the series refers to the more porous samples as is evident from the increased value of porosity discussed earlier.
The magnetic hysteresis loops for the series of samples were obtained using vibrating sample magnetometer. The results revealed that the value of saturation magnetization M s decreased with the increase of Al 3+ concentration as shown in Fig.3 . The trend can be understood by the substitution of a non-magnetic element (Al) for a magnetic element (Fe) at the B-site of the cubic spinel structure has caused the magnetization to decrease gradually [8] . Figure 4 shows the temperature dependent variation in direct current (DC) electrical resistivity measured by two-probe method. The DC electrical resistivity increases as the Al 3+ concentration increases for all the samples, which can be due to the conduction mechanism in ferrites which takes place mainly through the 
hopping of electrons between Fe
2+ and Fe 3+ at B-sites as explained by Vervey et al. [9] . The hopping probability depends upon the separation of ions involved and the activation energy. As the distance between two metals ions at B-sites is smaller than the distance between two metal ions, one at A-site and another at B-site, therefore the electron hopping between A and B sites has a less probability as compared to hopping between B-B sites. Hopping between A and B sites does not limit for the simple reason that there are only Fe The slopes of the linear plots of DC electrical resistivity, shown in Fig.4 , determine the activation energy in the measured temperature range. In Cu 0.5 Zn 0.5 Al x Fe 2−x O 4 system, the values of activation energy were found to vary from 0.393 eV to 0.462 eV. In ferrites, the activation energy is often associated with the variation of mobility of charge carriers rather than their concentration. This activation energy plays an essential role in overcoming the electrical energy barrier experienced by the electrons during hopping process, which in turn, contributes towards conductivity. Figure 5 shows the variation of dielectric constant (ε ) with rise of frequency up to 1 MHz. The value of ε is higher at lower frequencies and is found to decrease with increase in frequency. At high frequencies, particularly for the composition having x=0.3 to 0.5, the value becomes small, constant and independent of frequency [10] . The variation in dielectric constant is directly related to space charge polarization. The presence of higher conductivity phases (grains) in the insulating matrix (grain boundaries) produces localized accumulation of charge under the influence of an electric field, results in space charge polarization [11] . A finite time is needed for the space charge carriers to line up their axes parallel to an alternating electric field. A continuous increase in field reversal frequency results in a point where space charge carriers cannot remain preserved with the field and the alternation of their direction lags behind the field, resulting in a reduction of dielectric constant of the material [12] . In addition, space charge polarization also results from inhomogeneous dielectric structure of the material as proposed by Maxwell and Wagner in the form of two-layer model [13, 14] . According to this model, space charge polarization originates from large well conducting grains separated by thin poorly conducting intermediate grain boundaries. In ferrites, polarization can also be regarded as a similar process to that of conduction [15] . The hopping of electron between Fe 3+ and Fe 2+ , results in the local displacement of electrons in the direction of applied field that contributes towards polarization. When the frequency is increased, polarization decreases until a constant value. Beyond this critical value of frequency, the electron exchange between the two cations cannot follow the alternating field.
Predominance of species like Fe 2+ , oxygen vacancies, grain boundary defects, and voids contribute significantly to increase the dielectric constant at lower frequencies [16] . At higher frequencies, any species contributing to polarizability lags behind the applied field and hence the decreasing trend in dielectric constant is witnessed.
The tangent of dielectric loss angle (tanδ) decreased with the increase of frequency as shown in the Fig.6 . It is essential to note that the value of tanδ depends on different factors such as stoichiometry, Fe 2+ content and structural homogeneity. These factors, in turn, depend on the composition of the samples and their sintering temperature [17] . The decrease of tanδ with an increase in frequency could be explained on the basis of Koops phenomenological model [18] .
An essential part of the total core loss in ferrites is termed as dielectric loss factor (ε ) [19] . Figure 7 shows the plot of frequency dependent dielectric loss factor. As the number of hopping electrons increase, the extent of local displacement in the direction of electric field increases, causing an increase in electric polarization, which in turn enhances dielectric loss. The dielectric losses in ferrites are exhibited during conductivity measurements, as highly conducting materials show high losses [20] . Therefore, the present ferrite series with relatively low losses might be useful in technological applications at higher frequencies. 
IV. CONCLUSION
Aluminum substituted CuZn-Ferrite materials prepared by conventional solid state reaction technique exhibited single phase, cubic spinel structure, and nanosized crystallite size. The crystal lattice constant declines gradually from 8.385Å to 8.211Å with the increasing Al 3+ contents. This trend is attributed to the smaller ionic radius of Al 3+ as compared to Fe 3+ . The decrease in DC electric resistivity of all the samples with increasing temperature depicts the semiconductor like behavior of the samples. The reason for decrease in saturation magnetization with increasing Al 3+ contents in the CuZn-ferrite series could be understood by the non-magnetic nature of aluminum. The dielectric constant, tangent of dielectric loss and dielectric loss factor showed decreasing trend with increasing frequency ensuring high frequency applications of the Al 3+ substituted CuZn-ferrite samples.
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